Abstract. During welding of typical steel cross sections, like T or I-Profiles e.g., residual stress occurs and need to be considered during the design process. With knowledge of the stress state after welding, farther calculation with different models are carried out. The systematic study will show three steps of the Okerblom's model to consider in the evaluation process of the welding stresses. The results of the numerical simulation and experimental models are show and compared. With that, the difference between the buckling curve from EN 1993-1-1 (2006) and the study are shown for steel S235 and S460. Especially for the high strength steels, the nowadays design conditions are very conservative and further investigation is needed and recommended.
Introduction
this paper focuses on the introduction of longitudinal welding stresses into structural calculations of compression steel members. There were presented the nowadays used methods of including these stresses into calculation, i.e.: (1) χ -procedure (European buckling curves); (2) equivalent geometrical imperfection procedure; and (3) yield zone theory (GMNIA). In case of the third method, which requires a direct implementation of welding stresses, a model was shown based on experiments and analytical models were designed to predict the representative longitudinal welding stresses. As an example of analytical model, shrinkage force modelled by Okerblom (1958) was briefly described. This model was experimentally and numerically validated and compared with existing experimental models. The tests which were carried out in Pasternak et al. (2011) confirmed the assumptions and good adequacy of results delivered by Okerblom's model.
State of art

Description of residual stresses
During welding three types of imperfections may arise i.e. structural, geometrical and assembly. The knowledge of the welding process and the ease of identification of welding deformations in welded members allow to reduce the geometrical imperfections to a minimum level. The reduction of structural imperfections i.e. residual stresses is usually very difficult or even not possible and only by adequate design (structural and technological) of such elements, the negative influence of structural imperfections can be minimized. Due to very high energy introduction during welding, the area around the weld is strongly heated and tries to extend, but surrounding parts of profile which are less heated prevent this process. As a consequence of this arise the residual tension stresses close to the weld reach the yield strength of the material and cause the plastic shortening of fibres of profile. In the less heated areas of the profile, around the weld, balancing compression stresses occur (Schulz 1968) . The typical distributions of welding residual stresses and the accompanying geometrical imperfections were presented in Figure 1 . Huge heat introduction into welded pieces arises in the area of base material, which its microstructure and properties altered by welding. This area is so called Heat Affected Zone (HAZ). The extent and magnitude property change (HAZ) depends primarily on the base material, the weld filler metal, the amount and concentration of heat input by the welding process (welding technique) (see Fig. 2 ).
The calculation of the temperature field exiting during the welding process (see Fig. 2 ) is the most important information regarding to description of HAZ. The temperature field is influenced by welding parameters, weld form, geometry of welded member and physical material properties. The introduced heat is different for every welding technique and influences not only the temperature field but also the breadth of HAZ and is a source of residual welding stresses and deformations. Downloaded by [Vilnius Gedimino Tech University] at 22:58 04 May 2016
Residual welding stresses in structural calculations
the structural imperfections should be taken into consideration during the structural calculations of stability sensible members. To determine the capacity of such members the following calculation methods can be used: (1) χ -procedure (European buckling curves); (2) equivalent geometrical imperfection procedure; and (3) yield zone theory (GMNIA).
χ -procedure (European buckling curves)
in this procedure all internal forces are determined according to elasticity theory (1st order theory). In the reality, the influence of deformation on the value of internal forces (2nd order theory) as well as other effects (geometrical and structural imperfections, extension of yield zone) are covered by reduction of factor χ depended on the imperfection factor α (in case of welded structures 0.34, 0.49 or 0.76) and distinguishes the buckling curves b, c or d. This procedure has one significant disadvantage i.e. the user of this method does not get any information about arising internal forces. The whole calculation is based on the buckling curves which are depended on the shape and dimensions of cross-section, manufacturing process (welding, rolling) and the yield strength of material. The diversification of buckling curves is mainly caused by the residual stresses which depend on above mentioned parameters and have again a big influence on the capacity of structural members (Wolf 2006 ).
Equivalent geometrical imperfection procedure
In EN 1993 EN -1-5 (2006 , Annex C in point C.5 (2) can be found: unless a more refined analysis of the geometric and the structural imperfections is carried out, equivalent geometric imperfections may be used. This procedure allows calculating the internal forces according to 2nd order Theory with use of geometrical imperfections (see Fig. 5 ). The equivalent geometrical imperfection should be covered not only by the geometrical but also by structural (welding stresses) imperfections. With use of this method the user would be able to take into consideration many important factors such as: direct influence of geometrical imperfections, no limitations depending on static systems and more realistic behaviour of the structure. This procedure has following significant disadvantages which reduce the area of its application.
the available analytical solutions are limited to the simplest structural systems and in case of hand calculation the iterative procedure is not suitable. The requested values of amplitude of imperfections e o is depended on the method of calculation of capacity of element (see Fig. 3 ) which can be carried out as elastic or plastic analysis and the user has to choose between two possibilities. In case of elastic analysis, it is suggested that the calculations relate to elastic capacity of the member, however, in reality, it appears very often in plastic zones Wolf 2006) . Moreover this method is strictly connected with typical models of material (see Fig. 3 ) which suggest that the material behaves linear up to yield strength, while in reality the σ-ε curve is significantly influenced by residual stresses (see Fig. 5 ).
Yield zone theory (GMNIA)
For the determination of structural elements capacity, the yield zone theory is the most accurate method. this method is based on the Geometrically and Materially nonlinear imperfections analysis (GMnia). the geometrical nonlinearity is considered by the initial geometrical imperfection which can be based on the shape of the critical buckling modes with amplitudes equal to 80% of the geometric fabrication tolerances described in en 1090-2:2008 (2008) . the material nonlinearity refers to adequate description of the elastic-plastic model behaviour of the steel material i.e. σ-ε relationship. this relationship is significantly influenced by the residual stresses (see Fig. 4 ) which may be represented by a stress pattern from fabrication process with amplitudes equivalent to the mean (expected) values (en 1993-1-5 2006) . When the yield zone in the member appears (after exceeding the elastic strain), the stiffness of the member is changed. During the extension of the yield zone the calculations are carried out with the decreased value of elastic modulus E. this reduction is taken into consideration at the every increment of load and influences not only the deformability of model but also the increase of internal forces especially in presence of normal load. in this way the user receives the most adequate response of the structure. Here, the most important parameter is the lowest value of the plastic stresses. this value depends significantly on the residual stresses which influence the moment of the appearance of the first plastification in the member. the zones with the highest residual stresses reach first the maximum value of elastic stresses and in these zones the yield starts to develop. the question which arises here is, how the residual stresses are distributed in the cross-section and which parts of the element are predominantly subjected to forming of the yield zones. an answer to this question can be found in literatures only for typical i cross-sections (eccs 1983; Johansson et al. 2007; Petersen 1993 ) (see Fig. 6 ).
Basic parameters having influence on residual stresses
the longitudinal welding stresses are stresses that remain after the removing the original cause i.e. which is the heat gradient in case of welding. the residual stresses can be divided in: type i stresses, i.e. stresses that act in the whole structural member or its part, type ii stresses, i.e. stresses that act in the area of several grains and type iii stresses, i.e. stresses that act in the area of several atoms (radaj 1998). in design of welded structural members (beams and columns) the most interesting are the type i stresses. these stresses can be divided into tension stresses existing directly in the area of HaZ and compression stresses appearing outside this zone (see Fig. 5 ). all these stresses build a self-equilibrated system. Due to existence of those stresses in the cross-section, two different physical problems should be defined: the influence of tension stresses σ max on the initiation of brittle cracking and the influence of compression stresses σ min on the stability of compressed members (rykaluk 1981) . this paper deals with the second problem. there are several basic parameters which influence the distribution and welding stresses values. The first one is the yield stress of the base material. in case of structural steels, the welding tension stresses reach the magnitude of the yield strength. the breadth of HaZ is strongly depended on this parameter. the lower the yield strength is the bigger HaZ breadth gets (Lee, chang 2007) . another situation is in case of high strength steels. the welding simulation carried out for i-cross sections made from steel nionicral 70 (f y = 810 n/mm 2 ) (beg, Hladnik 1994) showed that the welding tension stresses reach only the 50% of the yield strength of base material. the second parameter is the welding technique. by gas welding the size of zone of material affected by heat introduction is quite bigger than these caused by modern welding technologies (see Fig. 2 ). the breadth of HaZ has dominant influence of capacity of welded structures, which will be later presented. the third parameter is weld's thickness. the bigger the thickness of weld is, the bigger the breadth of HaZ gets and the compression residual stresses increase their magnitudes. this has special meaning during the welding of very thick plates requesting multi pass welding. in case of ideal welding parameters there are some proposals of equations used to write the linear warm energy in terms of weld thickness (radaj 1998; rykaluk 1981) . the fourth parameter is shape of welded cross-section. the closed cross-sections (boxes) have bigger resistance to welding deformations in comparison with open cross-sections (i, t) and as a result show bigger residual stresses than the open crosssections (rykaluk 1981).
this paper focuses on the precise description of longitudinal welding stresses and the way of taking these stresses into consideration during the structural design of welded elements.
Models of residual stress distributions
Models based on experiments
to answer the question how the residual stresses are distributed over the cross-section and which parts of the member are predominantly subjected to form the yield zones many researchers carried out experimental investigations. in Figure 6 there were presented longitudinal residual stress distributions determined during measurement carried out on real structural welded members. the values of residual stresses are formulated in the dependence of the yield strength what is not true in every case, especially in the case of high strength steels (beg, Hladnik 1994) . in case of models (a) and (c) the breadth of the HaZ is described as independent on the plate thickness, what is inconsistent with the reality. the arbitrary assumed distributions of compression residual stresses cannot be sufficiently explained and justified. These distributions are truthful only for the examined structural members and cannot be without doubts extended for other similar cross-sections. The lack of influence of welding parameters and stiffness of cross-section on the mentioned distributions makes these models inaccurate. the above mentioned disadvantages do not allow use of these models without doubts during the calculations of similar cross-sections and require the better description which can be delivered either by welding simulations or by analytical models.
Analytical model
the above described methods of determination of residual stresses are very extensive techniques. to avoid this problem there are proposed analytical shrinkage force model, created by Okerblom in the 50s of the last century (Okerblom 1958) . this model is not much known in the western hemisphere. it bases on two assumptions i.e. the 3-Bar model (see Fig. 7a ) and the simplified yield strength -temperature relationship (see Fig. 7b ). the 3-bar model consists of 3 bars connected by two transverse yokes. the cross-section of the inner bar is equal to sum of cross-sections of both exterior crosssections. the inner bar is heated in some small area, like during welding. it extents constantly to the temperature of 600 °c. above this temperature there will be no further extensions of this element that is caused by rapid decrease of yield strength (see Fig. 7b ). the surrounding not-heated bars limit the extension of the heated bar. as a consequence tension stresses appear in the inner bar and compression stresses in the exterior bars. the relationship between temperatures to which the inner element is heated and appearing in it appropriate values of residual stresses, show the slanting lines on the Figure 7b , for example a1-O. to the temperature 300 °c, the residual stresses in the heated bar increase from 0 to yield strength. the heating of this bar to higher temperature does not cause further increase of these stresses. based on these two assumptions there was created an analytical model (Okerblom 1958) to describe the breadth of HaZ and associated distributions of welding residual stresses.
as an example in Figure 8 the analytical model used for t welded connection is presented. by using equation (1) the HaZ area can be calculated. in this area it has been assumed that the tensile residual stresses reach the yield strength that stay in consistence with experimental measurement presented in Pasternak et al. (2011) and second assumption of models showed in Figure 7b . Outside this zone, the compressive stresses appear which should be calculated from equilibrium condition. the eqn (1) can be used also for other cross-sections, for example I profile (see Fig. 9 
where: f y -yield strength; q 1 -linear warm energy of welding; A a -area of HaZ of the girder; A c -crosssection area of the girder; z -distance between centres of gravities of HaZ and cross-section; J o -moment of inertia of the girder cross-section; m, i -parameters connected with welding procedure (m = 2.0, i = 0.94).
Example of use of Okerblom's model on typical I welded cross-section
the calculation method of longitudinal residual stresses, with use of above described analytical model, will be presented on the example of typical i welded cross-section (see Fig. 12 ). During the welding of i section, two steps should be analysed (see Fig. 9 ) i.e. the welding of one flange to the web (see Fig. 11 ) and the second step is welding of the second flange (see Fig. 11 ). In both steps welding stresses arise which should be added together in third step (see Fig. 12 ). in Figures 10, 11 and 12 detailed results of calculations for every of above mentioned steps were presented. these results were later compared with results shown in section 6 model based on experiments (eccs 1983; Johansson et al. 2007; Petersen 1993) (see  table 1 ). this model can be easily used in structural calculations of many different cross-sections. the structure of equations used to calculate the areas and breadths of HaZ allows taking into consideration many important parameters like welding parameters, weld thickness, procedure of welding, steel grade and profile type. 
Numerical calculation
in this chapter the implementation of the results of the analytical model into numerical simulation will be presented. Five compressed columns (c1-c5), with geometrical and material properties showed on Figure 13 , they were numerically tested with integration of longitudinal welding stresses, calculated with use of analytical model presented in section 4.2. the calculated welding stress distributions were implemented into the model as an initial stress state. In the close vicinity of filled weld i.e. in the HaZ zone, these stresses were assumed as the tensile stresses with the magnitude of yield strength, while outside this zone as the compressive stresses with magnitude resulting from equilibrium condition (see Fig. 14) . the numerical model of columns was created using the general purpose program abaqus 6.8.2 (Hibbit & karlsson & sorensen, inc. 2001) . every model was created as a deformable, 3D, shell finite element with assigned homogeneous section with thickness value and material properties. in the numerical calculation both geometrical and structural imperfections were taken into account. The geometrical imperfections were considered as a first eigenmodes resulting from buckling analysis. Moreover the following assumptions were also taken into account: bifurcational elastic analysis (Lba) for determination of the first eigenform of the column; geometrically and materially non-linear imperfections analysis (GMnia) for determination of ultimate capacity of all models; shell finite elements (S4R5) were used to discretize models; loads and boundary conditions were defined in appropriate coordinate systems; convergence criteria -displacement. in every case two analyses were carried out: (1) model with only geometrical imperfections with amplitude equal to L cr /150 (en 1993-1- 5 2006) and (2) model with geometrical imperfections with amplitude equal to L cr /1000 and structural imperfections (residual stresses).
The first analysis represents the described in C.5 (2) of Annex C of EN 1993-1-5 (2006) simplified calculation method while second the described in c.5 (1) more refined analysis. All results were compared with the European buckling curves i.e. χ -procedure (see Fig. 15 ).
the nonlinear analysis with combination of structural and geometrical imperfections gives very good results in comparison with buckling curve "c". in analysis only geometrical equivalent imperfections leads to huge differences in reduction factors χ. these results show that the structural imperfections, calculated with use of Okerblom's model (Okerblom 1958) , are sufficient enough to numerically describe the real behaviour of compressed members. these results can also suggest the use of the analytical model in calculation of welding residual stresses of any t or i cross-sections.
as mentioned previously, the welding residual stresses can reach the magnitude of the yield strength only in case of structural steels. For the high strength steels there was proved in beg and Hladnik (1994) that this stresses are lower than the yield strength and the difference can be even 50%. this problem was investigated in example of compression i column made from steel s460 (see Fig. 16 ) for which five analysis were carried out (see table 2). the analyses a1, a2, a3 and a4 include combinations of the structural imperfection, calculated with use of the analytical model, and the geometrical imperfections in form of initial deflection of column w o . Engineering and Management, 2016, 22(1): 47-55 the values of structural imperfection were formulated in dependence of the yield strength as similar to the models based on experiments. the values of γ i and ψ i are the scaling factors used in connection with yield strength to describe maximal and minimal residual stresses in flange and web respectively. These analyses show the influence of the value of welding residual stresses on the reduction factor χ. The fifth analysis A5 contains only the geometrical equivalent imperfections equal to L cr /150. Figure 17 shows results of numerical simulations, huge influence of the value of longitudinal welding stresses on the capacity of welded column could be observed. the lower the value of welding stresses is the higher carrying capacity the column possesses. it can be easily noticed that in case of analysis a1 the reduction factor could be better estimated with use of curve "a". to prove this, more experimental research should be carried out. in calculations only equivalent geometrical imperfections leads to very low capacity, significantly under the curve "c". the difference in reduction factors between analyses a1 and a5 reaches about 47%, between analysis a1 and curve c" abut 18% and between analysis a5 and curve "c" about 24%. these differences suggest that in case of members made from high strength steels the nowadays design conditions are very conservative. apart from magnitude of residual stresses the other factor which significantly influences the capacity of welded structural elements is the breadth of HAZ. This influence will be illustrated with the help of the above mentioned compression column (see Fig. 16 ). the originally calculated size of breadths of HAZ (60 mm in flange and in web) was three times decreased to values of 75% (45 mm), 50% (30 mm) and 25% (15 mm). the calculations were carried out for two steel grades i.e. s235 and s460. in all calculation the combination of structural (100% HaZ) and geometrical (L cr /1000) imperfections were used. all results were compared with buckling curve "c" and equivalent geometrical imperfection method (see Figs 18 and 19) . The numerical analysis confirmed that the bigger the size of breadth of HaZ zone is the lower the capacity of structural member gets. this regularity is independent on the steel grade. this parametric study suggests that the difference of calculation of sizes of breadths of HaZ, proposed by models based on experiments (Johansson et al. 2007; Petersen 1993; Okerblom 1958) and shown in Figure 6 , can lead to significantly different estimations of the capacity of welded member. also in this case there was proved that if using only equivalent geometrical imperfections in calculation leads to very low capacity, significantly under the curve "c".
Conclusions
the carried out analysis resulted in the following conclusions:
-the actual state of art in welding shows that during the welding three types of imperfections can arise, i.e. structural, geometrical and assembly; the knowledge of the welding process and the ease of identification of welding deformations in welded elements allow to reduce the geometrical imperfections to a minimum level. -the structural imperfections should be taken into consideration during the structural calculations of stability sensible members; to determine the capacity of such members 3 methods can be used:
(1) χ -procedure (european buckling curves); (2) equivalent geometrical imperfection procedure and the most accurate; (3) yield zone theory (GMnia). -the implementation of structural imperfections in FE calculations is difficult because of the absence of information about theirs values and distributions. -the models based on experiments (measurements of residual stresses) are valid only for particular cross-sections and do not include information about the main parameters influencing stress distributions, i.e.: welding parameters, weld thickness, procedure of welding, steel grade and profile type. -A better description of welding stress distribution can deliver by Okerblom's model, which is based on two assumptions, i.e. the 3-bar model and the simplified yield strength -temperature relationship, includes all necessary information needed for description of welding stress distribution and can be used for every type of cross-section. -The results obtained according to this model stay in very good adequacy in comparison with experimental ones. The results of nonlinear numerical analysis for T or I cross-sections show that the structural imperfections, are sufficient adequate to describe numerically the real behaviour of members under compression. -The carried out numerical analysis confirms the following regularities, i.e.: (1) the lower the value of welding stresses is the higher carrying capacity the column possesses; (2) that the bigger the size of breadth of HAZ is the lower the capacity of structural element gets; and (3) that using only equivalent geometrical imperfections in calculation leads to very low capacity, significantly under the buckling curves. -It was also proved that in case of members made from high strength steels the nowadays design conditions are very conservative. -The difference of sizes of HAZ breadths of T or I cross-sections, proposed by simplified models showed on Figure 6 , can lead to significantly different estimations of capacity of welded elements. -The Okerblom's model can be used for structural steels and welding techniques like MAG, MIG or TIG; in case of high strength steels and welding techniques like laser (LBW) or plasma (PAW) welding this model requires some modifications.
